In our previous report [Tsukada, M., Aihara, T., Saito, H., . Neural Netw. 9, 1357 -1365, the temporal pattern sensitivity of long-term potentiation (LTP) in hippocampal CA1 neurons was estimated by using Markov chain stimuli (MS) with different values of the serial correlation coefficient r 1 between successive interstimulus-intervals. In this paper, the effect of chaotic stimuli (CS) on induction of LTP in the hippocampal CA1 area was investigated in comparison with that of MS and periodic pattern stimuli (PS). The CS were produced by a modified Bernoulli map, so that interstimulus sequences with various values of r 1 can be generated by changing the parameter B. These stimuli had an identical first order statistics (mean interstimulus-interval), but their higher order statistics such as the serial correlation coefficients were different. The LTP induced by CS at B = 2 was significantly larger in magnitude than that of PS and MS, and also depended on the initial value of CS at B = 2 and 3. These results suggest that chaotic signals play an important role for memory coding in the hippocampal CA1 network.
Introduction
Long-term potentiation (LTP) of synaptic transmission has been demonstrated in many biological neural networks, especially in the hippocampus, which is a region critical for memory function. LTP is generally considered to be the cellular basis of learning and memory in the brain (Bliss and Lømo, 1973; McNaughton and Morris, 1987; Bliss and Collingridge, 1993) . Alternatively, a popular hypothesis is that specific properties of the Ca 2 + signal, including its magnitude and perhaps its temporal structure, might alone completely determine the direction of synaptic change caused synaptic activity (Artola and Singer, 1993) .
LTP is a persistent synaptic enhancement induced by a brief period of high-frequency electrical stimulation (100 -500 Hz, 3 -10 pulses) of the afferents (Bliss and Gardner-Medwin, 1973; Bliss and Lømo, 1973; Dunwiddie and Lynch, 1978; Yamamoto and Sawada, 1981) . Furthermore, it is reported that LTP is induced by low frequency stimulation (5-10 Hz, 100 -200 pulses) with some specific time structure (Rose and Dunwiddie, 1986; Tsukada et al., 1990 Tsukada et al., , 1991 Tsukada et al., , 1994 Aihara et al., 1997) . Tsukada et al. (1996) also demonstrated that LTP was induced by two different time scales: One is the short interstimulus-interval like bursting spikes and the other is the long interstimulus-interval of a few hundreds millisecond representing theta wave. In addition, the effect of chaotic stimuli (CS) on LTP magnitude in CA1 was investigated by a simple neuron model (Tatsuno and Aizawa, 1997) , and it is suggested that there is the chaotic time series dependent LTP.
To investigate the effect of CS on the LTP in the hippocampal CA1 area, three different types of CS produced by modified Bernoulli Maps were applied. This effect on LTP was compared with that of periodic pattern stimuli (PS) and Markov chain stimuli (MS). We discuss three focal points of the effect of chaotic stimulation in this study. First is the difference between CS and PS with the same mean rate and first order serial correlation. Second is the difference between CS and MS with the same mean rate and first order serial correlation. The last is the initial value dependence of LTP in the case of CS.
Methods

General methods
Experiments were conducted on hippocampal slices (thickness; 500 mm) prepared from guineapig. The slices were maintained at about 30°C in an experimental chamber with artificial cerebrospinal fluid. A detailed description of the technique is given by Ito et al. (1989) . Positions of electrodes for the stimulation and the extracellular recording are schematically shown in Fig. 1 . A bipolar tungsten electrode was placed at a fixed position (Fig. 1, Stim) in the stratum radiatum of the specific region to stimulate the Schaffer collateral commissural fibers (SC) of CA3. An electrode for extracellular recordings was placed in the pyramidal cell body layer (Fig. 1, Rec) .
LTP induced stimulus
Chaotic stimulus
The time series of CS was produced from the modified Bernoulli Map x n x n + 1 (mod.1),
where 15 B53 and m= 10 − 13 are parameters. We transformed the value of x n to the spike interval~in the following way:
and which were named CS (Fig. 3 ). These stimuli all had the same mean rate (2 Hz), and they were The amplitude of the population spikes (hc and ht) were computed as the difference between the negative peak and the averaged value of the leading and trailing positive peaks. The average of the amplitudes of population spikes (hc) to test stim. obtained before each type of stimuli is taken as the control (unconditioned TS-response, 100%). For the preparation of each slice, the amplitudes of the 30 population spikes evoked by the test stimuli (TS) were given 20-30min after each type of stimuli (six types of chaotic stimuli/five types periodic pattern stimuli). The magnitude of LTP was estimated by the ratio (%) between this response (conditioned TS-response; ht) and the unconditioned TS-response (hc).
value (B = 1, 2, 3). Fig. 3(a) shows sample trains of CS patterns, and serial correlation coefficients (r 1-15 ) of these stimulus patterns for different parameter B is shown in Fig. 4. 
Periodic pattern stimulus
We produced PS, which are composed from short and long interstimulus intervals. That is, a temporal pattern of successive short intervals (50 ms) and successive long intervals (950 ms) were repeated periodically. PS had the same mean rate as CS. To compare the induced LTP between CS and PS, we used the stimuli which have the same first-order serial correlation. Fig. 3(b) shows the 'I max ' and 'I min ' of PS corresponding to 'I max ' and 'I min ' of CS. In the case of B = 1, only one corresponding PS stimulus pattern was produced. composed of pulses separated by intervals of 50 and 950 ms. The number of intervals were set to 100 for both 50 and 950 ms. That is, the mean interval of these CS was 500 ms. Note also that the map is stationary chaotic for BB 2, and nonstationary chaotic for B]2, and 1/f spectrum appeared in the case of B=2. To produce actual stimulus, we picked three values of parameter B, which have different statistical feature (B= 1; stationary chaotic, B=2; border between stationary and nonstationary chaotic, B=3; nonstationary chaotic). For B=1, the fluctuation of stimulus patterns is random, but when the value of B increases, strong correlation appears. According to the results of numerical simulation of Tatsuno and Aizawa (1997) , it is suggested that the induced LTP in the hippocampal CA1 area was not only dependent on the correlation but also on the initial value of CS. To investigate the initial value dependence of LTP, we chose six CS patterns from simulation data, which correspond to the highest (I max ) and the lowest LTP (I min ) for each B shows the comparison of the correlation coefficients from first to fifteenth (r 1-15 ) of the CS I max , CS I min and MS. For B= 2 and 3, the correlation coefficients of CS I max were very different from those of MS, especially for the higher order r's.
Experimental procedures
The stimulus intensity was adjusted to half of that producing the maximum amplitude of the population spike. At the beginning of each experiment, the test stimulus (TS) was applied once every 20 s to ensure that the amplitude of the population spike was stable. Then, a LTP inducing potentiation stimulus (PoS) was delivered, and it was again followed by TS. The amplitude of the population spike was computed as the difference between the negative peak and the averaged value of the leading and trailing positive peaks. The magnitude of LTP was estimated by mean percentage changes of the amplitudes of the population spikes between before and 20-30 min end of LTP induced stimulus (Fig. 2) . A naive slice was used for each stimulus sequence of TS/PoS/TS. To keep the same stimulus and recording conditions, we placed the stimulus and recording electrode described in general methods in the fixed position each slice.
Statistical analysis
All values were expressed as the mean9 S.E.M.
(%). To analyze the data statistically, we compared the LTP magnitude between CS (n= 8), PS (n= 5) and MS (n= 5) within similar first order serial correlation by the Kruskal-Wallis test. And also Mann-Whitney U-test was used to compare the magnitude of LTP induced by CS and PS with similar first order serial correlation. We considered differences significant at PB 0.05. 
Results
The comparison of LTP induced by chaotic and periodic pattern stimuli
Marko6 chain stimulus
The third type of stimulus sequence, which we refer as MS consist of mixed short (50 ms) and long (950 ms) interstimulus intervals. The important property of MS is that the occurrence of the next interstimulus interval is dependent only on the previous interstimulus interval, and the transition probability matrix determines this stochastic process. These Markov sequences were used by Tsukada et al. (1990 Tsukada et al. ( , 1994 to examine whether the induced LTP was dependent on the stimulus temporal structure. For a given pair of short and long intervals, we used three different stimulus set, which is r 1 =0.0, 0.4 and 0.8, respectively. However, there were no significant differences between CS and PS in the case of B= 1 and 3. Furthermore, LTP induced by CS I max at B=2 is the highest among our CS experimental data, and is significantly higher than that of PS and MS. Therefore it seems that CS at B = 2 induced larger LTP than that of corresponding PS, but CS with B =1 and B =3 didn't. Consequently, it seems that LTP of the hippocampal CA1 area depend on specific chaotic temporal structure.
The comparison of LTP induced by chaotic and Marko6 chain stimuli
We compared the magnitude of LTP induced by CS and MS, which have the similar first order serial correlation (Table 1) . In B= 1, there was no significant difference between CS and MS. In B= 2, the magnitude of LTP induced by CS I max was significantly larger than that of corresponding MS (PB 0.05). However in B =3, the magnitude of LTP induced by CS I max was significantly smaller than that of corresponding MS (P B0.05).
The higher order serial correlation (r 2-15 ) was different between these two stimuli, though the first order serial correlation is similar (Fig. 4) . The largest LTP at B =2 may be interpreted as that it was caused by the higher order serial correlation of CS I max . On the other hand, in B=3, the induced LTP by CS I max was smaller than that of MS, and this might be because that too many successive long interstimulus intervals (82 intervals) caused depotentiation of LTP (Fujii et al., 1996) .
The initial 6alue dependence of chaotic time series
At B= 1, there were no significant differences in the LTP magnitude by an initial value of CS. However, in the case of B =2 and 3, it was found that the magnitude of LTP was strongly dependent on initial value (PB 0.05).
Discussion
Chaotic response has been observed experimentally in rat CA3 neurons (Hayashi and Ishizuka, 1995) . On the other hand, Tsukada et al. (1991 Tsukada et al. ( , 1994 Tsukada et al. ( , 1996 reported that the hippocampal LTP is highly sensitive to the temporal structure of the stimuli.
To elucidate the whole memory information representation in the hippocampus, it is necessary to understand how memory is encoded in the CA3-CA1 network. As the chaotic response was already observed in CA3, investigation of the effect of the CS on CA1 LTP/LTD is the first step toward this end. In this study, we used the modified Bernoulli Map to produce CS, because the serial correlation can be easily controlled by changing the value of B, and also because the results can be compared with the previous results by Tsukada et al. (1996) . The important point here is that all of three stimulus pattern have an almost identical first-order serial correlation, but the higher-order serial correlation coefficients are clearly different.
In comparison with CS and PS which has no fluctuation, the magnitude of LTP was significantly different at B = 2. This result suggests that the fluctuation of CS may have an important role to induce large LTP. Aihara et al. (1997) investigated the relation between the number of short inter-stimulus intervals (S-ISI) and the induced LTP, and reported that the magnitude of LTP is proportional to the number of S-ISI, at least up to 200 S-ISI's. However, our results (CS, B =3) showed that the induced LTP didn't depend on the number of S-ISI, that is, the induced LTP magnitude is significantly different for different initial conditions, even though the number of S-ISI is fixed as 100. Therefore, our results indicate that the temporal structure of short inter-stimulus interval and long inter-stimulus interval plays an important role in LTP induction.
In the case for CS and MS, the magnitude of LTP induced by CS B=2 I max was significantly larger than that of MS, but this relation was reversed for CS B=3 I max and corresponding MS (Table 1 ). In spite of the same number of pulses, same mean rate, and similar first-order serial correlation, there is a big difference between the induced LTP. This result suggests that the higher-order serial correlation coefficients (r 2-15 ) have an effect on the LTP amplitude. Fig.  4 shows the comparison of serial correlation coefficients between CS and MS. The higher order serial correlation coefficients(r 2-15 ) are different at B=2 I max and B=3 I max of CS, and these differences may cause the observed LTP difference. And especially at B =3 I max CS contains very long successive intervals (82) and very long short intervals (90), and it is known that successive long interstimulus intervals induce depotentiation of LTP. Fujii et al. (1996) also reported that long-term suppression of LTP was produced by successive long interstimulus interval (1 Hz, more than 80 pulses). This successive long interstimulus intervals may cause a decrease in magnitude of LTP at B= 3 I max of CS.
We found that the magnitude of LTP was dependent on the initial value of CS at B= 2 and 3. As chaotic time series have the sensitivity to an initial condition, there is a possibility that information can be encoded in the initial values of CS.
This result suggests that a special chaotic dynamics with higher order serial correlations plays an important role to induce even larger LTP in the hippocampal CA1 area. It is likely that the induction of LTP in CA1 is sensitive to CS, and chaotic time series may play an important role from the view point of memory coding. The further study to elucidate the relation between detailed time structure of chaotic time series and mechanism of LTP induction is necessary to understand memory information representation in the hippocampus.
